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The visual system of man can detect single photons in darkness and yet remain functional under bright lights (Rodieck, 1973) . This flexible performance arises from the presence in the vertebrate retina of rod and cone photoreceptors which have overlapping, but not identical operating ranges. Cones are less sensitive to light than rods, and, furthermore, their response adapts over a much wider range of light; consequently, cones can operate under bright light that saturates the rod response (Baylor, 1987) . While the processes that generate the functional difference between rods and cones have not been identified, it appears that the mechanism of phototransduction is not radically different in the 2 types of receptors. Light detection in both rods and cones is initiated by excitation of structurally homologous photopigment molecules located in the outer segments (Applebury and Hargrave, 1986; Nathans, 1987) . The excited photopigment molecules activate GTP-binding proteins (Stryer, 1986; Pugh, 1987) . A high level of homology, but not identity, has been found in the sequences of cDNA coding the GTP-binding proteins from rods and cones (Lerea et al., 1986; Grunwald et al., 1986) . The activated GTP-binding proteins, in turn, activate cGMP-specific phosphodiesterases (PDEs). Light-sensitive PDEs have been isolated from both rods and cones, and their biochemical characteristics are generally similar (Hurwitz et al., 1985; Booth et al., 1986; Gillespie and Beavo, 1988; Orlov et al., 1988) . The cGMP-sensitive channels of rods and cones are generally similar in their electrophysiological properties (Fesenko et al., 1985; Haynes and Yau, 1985) .
If the major proteins in the cGMP cascade in rods and cones are similar, what then is the mechanism that generates their different functional behavior? The differences between rods and cones could be the result of differences in the detailed properties of the individual proteins or in differences in their control, in their number in the outer segment, or in geometrical and morphological considerations.
Several lines of evidence suggest that the photocurrent time course reflects light-dependent changes in cytoplasmic cGMP (Stryer, 1986; Pugh, 1987) . The time course of the photocurrent in response to dim light stimulation depends on the activity of both PDE and guanylate cyclase. Thus, the differences of the dim flash response of rods and cones could be related to the activity of the PDE or the guanylate cyclase or both. Under intense lights, the maximum hydrolytic velocity of the PDE can reach levels of several hundreds of millimolars cGMP per second, whereas the maximum velocity of cGMP synthesis is only several tens of micromolars per second (see Pugh, 1987) . Thus, the initial time course ofthe response to intense light stimulation should be independent of cGMP synthesis, reflecting only the kinetics of cGMP hydrolysis and the interaction of cGMP with the cGMP-sensitive channels. Comparison of the response to bright lights of rods and cones, therefore, can provide insight into the molecular mechanisms of their functional differences. Indeed, Cobbs and Pugh (1987) have previously shown that the kinetics of the response to bright flashes in rods can be explained by the activation of the PDE, the limiting rate of cGMP hydrolysis, and the rate of closure of the cGMP-sensitive channels.
The rate-limiting kinetics of the photocurrent can be measured only under voltage clamp; otherwise, capacitative currents would limit the speed of the measured responses (Cobbs and Pugh, 1987) . Cobbs and Pugh (1987) have shown that for rods the kinetics of the photoresponse reaches a limiting value when stimulated with intense light. In cones, the limiting kinetics of the photocurrent generated by intense flashes of light are unknown. Here we report on the response to bright lights in sal-amander cones under voltage clamp. We compare these responses to those ofrods ofthe same species in an effort to analyze the mechanisms of the rod-cone difference.
Materials and Methods
Materials. Larval stage tiger salamanders (Ambystoma tigrinum) were obtained from Lowrance Waterdog Farm and maintained at 4°C under 12 hr dark-light cycle. All chemicals were purchased from Sigma Chemical Co. (St. Louis, MO). Minimum essential medium (MEM) amino acids and vitamins were obtained from the cell culture facility at the University of California at San Francisco.
Cells. Single cones and rods were prepared by mechanical dissociation of isolated retinas and were attached to glass coverslips as previously described (Hestrin and Korenbrot, 1987) . We recorded from both intact cones and rods and from incomplete cones that included the elipsoid but were missing the nuclear region of the soma.
Electrical recording. The experimental chamber containing the cells was positioned on a microscope stage and observed under infrared illumination (830 i 10 nm) with the aid of a TV camera and monitor. After contact was made between the recording pipette and the cell, the infrared source was turned off to prevent light adaptation. Tight-seal whole-cell recordings were made using aluminosilicate glass pipettes (Coming-1723) coated with Sylgard (Resin 184 Dow Coming, Midland, MI). The pipettes were filled with a solution ofthe following composition (in mM): 120 HMOPS, 75 KOH, 4 MgCl,, 5 Na,ATP, 2 Na,GTP, 0.05 EGTA. The patch pipettes were filled with solution containing only trace amounts of Ca buffer because Ca buffers affect the light response of rods (Korenbrot and Miller, 1986; Torre et al., 1986) and cones (S. Hestrin and J. I. Korenbrot, unpublished observations). The composition of the cell-bathine solution was (in mM): 95 NaCl. 2 KCl. 1 CaCl,. 2 MgCI,, 5 NaHCO,, 16 glucose, 10 HEPES,'MEM amino acids, MEM vitamins, 0. I mg/ml BSA. The osmolallity and the pH ofthese solutions were 224, and 7.4, respectively.
Membrane currents were recorded with a patch-clamp amplifier (EPC-7, List-Medical, Darmstadt, FRG). After establishing a tight seal on the inner segment, the capacitance of the pipette and headstage were cancelled. Whole-cell recording mode was initiated by the application of suction. The cell's capacitance was monitored by applying 10 mV command pulses to the pipette. Typically, the capacity current was well fit by a single-exponential function. In some cases, an additional fast component was required to obtain a fit of the charging current. The series resistance was 5-l 5 Ma, and the dominant time constant of the capacitative charging was 0.5-2.5 msec. In some experiments, series resistance compensation (50-70%) was applied. In all the experiments, unless otherwise specified, the membrane potential was held at ~40 mV (corrected for the junction potential).
A microcomputer (PDP 1 l/23, Digital Equipment Corp., Maynard, MA) was used to acquire data and apply command voltages as well as to control light stimuli. Analog data were filtered with an g-pole Bessel filter (model 902LPF, Frequency Devices, Haverhill, MA). A nonlinear least-square routine was used to curve-fit model functions to experimental data.
Light stimuli. Cells were illuminated with brief flashes of light (2.4-3.0 msec) generated by a halogen-tungsten source. Flash duration was controlled with a mechanical shutter (model 26L, A.W. Vincent Assoc., Rochester, NY). The stimulating light for the cones was filtered with a narrow-band interference filter 620 * 10 nm (or 500 nm for the rods) (Ealing Corp., South Natwick, MA). In some experiments, unfiltered "white light" was used. Light intensity was controlled with neutral density filters. Flash intensity was measured with a calibrated photodiode placed on the microscope stage.
The effective collecting area of the outer segments was calculated as previously described (Hestrin and Korenbrot, 1987) . We assumed that the transverse specific density and the quantum efficiency of the cone outer segment are the same as that of the rod outer segment (Dartnall, 1972; Harosi, 1975) . The average length and diameter at the base of the cone outer segments were 8.7 and 4.5 pm, respectively. Assuming that the peak absorbance of the salamander cones is at 620 nm (Attwell et al., 1982) we calculated that the average effective collecting area was I .6 pm?, at that wavelength. By comparing the response of cones to 620 nm and "white light," we found that the effective collecting area for "white light" was 15-fold larger than that of 620 light (see Cobbs and Pugh, 1987) .
We did not measure the action spectra of the cones we recorded from. Attwell et al. (1982) have found that the majority of tiger salamander cones have a peak absorbance at 620 nm. Recently, Craig and Perry (1988) reported that, in addition to the red-sensitive cones, tiger salamander retina contain a smaller numb.er of shortwave-sensitive cones. The photoresponse of these cones, however, is very different from that of red cones. On basis of the kinetics and the sensitivity to red light, we identified the photoreceptors we describe here as the red-sensitive cones.
Results
As has been previously reported, photocurrents measured in rods and cones differ in several respects: maximal amplitude, light sensitivity, and time course (reviewed by Cobbs and Pugh, 1986a; Baylor, 1987) . We measured membrane current from single tiger salamander rods and cones using whole-cell recording. In darkness, the zero-current potential was about -30 mV for rods and about -40 mV for cones. The maximal amplitude of the photocurrent in cones was, on average, 25 pA (range, 20-37, n = S), whereas in rods it was 75 pA (Hestrin and Korenbrot, 1987) . The average light intensity that caused a suppression of 50% of the dark current in cones was 299 photons/pm' (range, 184-410, IZ = 5) and in rods it was 9 photons/pm' (range, 5.9-12.8, n = 5). The time to the peak of the response to dim light was, on average, 185 msec (range, 175-2 10, n = 5) for the cones and 750 msec for the rods (Hestrin and Korenbrot, 1987) . These results are generally similar to those reported previously by others (Schnapfand McBumey, 1980; Cobbs et al., 1985; Nakatani and Yau, 1989) .
Kinetics of the photocurrent in response to intense.flashes qf light The purpose of the experiments reported here was to examine the initial response of cones to intense flashes and compare these responses to those of rods responses under similar light stimulation. Under tight-seal recording, the speed of the voltage clamp is limited by the series resistance and the capacitance of the cell's membrane. In the cones we studied, the membrane capacitance was in the range of 50-90 pF. This high value arises from the inner segment membrane and the membrane infolding ofthe outer segment which are continuous with the cell's plasma membrane. For the analysis of the response to bright light, we used data obtained from recordings that showed a series resistance (in the whole-cell mode) of about 10 MO. In addition, some of the cells we recorded from were cones that were missing the nuclear region of the inner segment. These cones showed normal responses but had lower total capacitance. Further improvement in the speed of recording was sometimes obtained by employing series resistance compensation (50-70%). The responses that are reported below were obtained from cells with a voltage-clamp time constant of about 1.0 msec. In rods, because cell capacitance is smaller, the voltage-clamp speed was typically 4-fold faster compared to that of cones.
The initial phase of the responses to a series of flashes of increasing intensity recorded from an isolated cone is shown in Figure 1 . The photocurrent elicited by the lowest intensity shown (4.4 x lo4 photons/pm', bottom of Fig. 1 ) was time-delayed relative to the flash. The second half of the rising phase was well fit with a single-exponential function (dotted lines in Fig.  1 ). As the fraction of the bleached pigment increased, the time constant of this exponential decreased. The response to brighter flashes (26 x lo5 photons/pm2) revealed an additional component that preceded the onset of the photocurrent. In response to the brightest flashes, the fast component was clearly biphasic. .2 x 105, and 4.4 x lo4 photons/pm'. The response to the higher intensities has 2 separate kinetic components. A single-exponential function was fit to the fast component (dots superimposed on the current traces). The time constants of the fitted exponential functions were 2.27, 2.46, 3.12, and 6.02 msec. The cell was held at -40 mV; dark current, 15 pA. The membrane current was sampled at 20,000 Hz and filtered at 1000 Hz.
It consisted of an inward current which rapidly developed into an outward one. The characteristics of this fast component, detailed below, suggest that it is a signal analogous to the ERP (early receptor potential) recorded extracellularly (Brown and Murakami, 1964; Cone and Pak, 197 1; Hagins and Rupel, 197 1) or intracellularly (Murakami and Pak, 1970; Hodgkin and O'Bryan, 1977) . We termed this component the early receptor current (ERC). As shown in Figure 1 , under very bright lights the time course of the photocurrent was obscured by the ERC.
Thus, in order to analyze the saturation photocurrent in cones, it was necessary to show unambiguously that the ERC is not related to the photocurrent. If the ERC, like the ERP, arises from charge displacement in photoexcited visual pigment, then this signal should exhibit 2 critical features: (1) The time course and amplitude of the ERC should be independent of the magnitude of the dark current, which reflects the conductance of the outer segment membrane; and (2) the amplitude of the ERC should be proportional to the number of photopigment molecules bleached by the stimulating light.
To test the independence between the ERC and the dark current, we stimulated a cone successively with 2 bright flashes of the same intensity (Hodgkin and O'Bryan, 1977 ). In all cases tested, the first flash evoked an ERC followed by a saturating photocurrent ( Fig. 2A) . The second flash, presented during photocurrent saturation, also generated an ERC whose amplitude and time course were nearly identical to those elicited by the first flash. Thus, as expected, the current flowing through the light-sensitive channels in the outer segment had no effect on the ERC response. Isolated rods should also exhibit ERC signals. However, because only a small fraction of the rod's photopigment resides in the plasma membrane (Ruppel and Hagins, 1973) , the amplitude of the ERC of rods is expected to be smaller than that of cones. The ERC measured by averaging the response to 10 flashes presented to a rod is shown in Figure 2A . The rod was light-adapted, exhibiting no detectable dark current. As expected, the amplitude of the ERC in rods was small; however, Time (ms) Figure 3 . Comparison between the response of rod and cone at saturation and near-saturation levels. A, Normalized response of a cone to 2 intense flashes. Flash intensities were 1.3 x lo6 and 2.1 x 10s photons/pm'. The speed of the voltage clamp was 0.48 msec. The exponential fits (dotted line) had a time constant of 2.4 msec. The extrauolated delay of the brightest response was 8.6 msec from the beginning of the fiash (inset). g, Normalized response of an intact rod to 2 intense flashes. The flash intensities were 1.5 x lo6 and 2.3 x lo5 photons/Fm'. The exponential fits had a time constant of 1.9 msec. The extrapolated delay was 8.5 msec.
its time course was similar to that of the ERC measured in cones.
To measure the dependence of the ERC on the fraction of photopigment bleached, we compared the amplitude ofthe ERC elicited by a sequence of identical flashes. We found that the amplitude of the ERC decreased with each successive flash (Fig.  28) and that after about 60 flashes, the ERC was almost undetectable. The relation between the ERC amplitude and flash number was well fit with a single-exponential function (solid line in Fig. 2B ). This relation is expected if the amplitude of the ERC is proportional to the fraction of remaining unbleached photopigment (Hodgkin and O'Bryan, 1977) . We used the exponential rate obtained from the fit to calculate that each flash bleached 4.2% of the pigment. This value was similar to the 2.6% pigment bleached per flash predicted from the intensity The saturation photocurrent Following the ERC, the cone photocurrent reached its maximum amplitude within about 10 msec (Fig. 3A) . The mathematical expression used to describe the dim flash response (Iamb et al., 198 1) does not describe the response to bright-light stimulation. To characterize the kinetics of the saturating photocurrent, we fit an exponential function to the second half of the rising phase and extrapolated the fitted function to the baseline ( Fig. 3A ; Penn and Hagins, 1972; Cobbs and Pugh, 1987) . We thus defined 2 parameters: a delay, defined as the time interval between the beginning of the flash and the intersection of the function with the baseline (Fig. 3A) , and a velocity, defined as the rate of the exponential function. We found that the delay and the velocity ofthe cone saturation photocurrent depended on the flash strength (Fig. 4) . As the fraction of bleached pigment increased, the delay was shortened and the velocity increased. In response to light stimuli that bleached about l-2% of the total cone pigment, the delay and the velocity reached limiting values. The limiting delay was 7.8 f 0.9 msec, and the limiting activation time constant was 2.1 f 0.7 msec (mean 2 SD, IZ = 7). The duration of the light "flashes" we used was 2.5 msec. The relatively long flash duration could distort the time course of the ERC, which showed little or no delay. However, the saturation response delay was about 3-fold longer than the flash duration and thus should show little distortion. Furthermore, the asymptotic behavior, under light saturation, of the response should be independent of the flash duration. Cobbs and Pugh (1987) have previously measured the kinetics of the saturation photocurrent in tiger salamander rods. Their results show that in rods the limiting delay is 7 msec and the limiting time constant is 2.8 msec. These results are virtually identical to those we measured from the cones. Indeed, Figure  3 illustrates the similarity of the early phase of the photocurrent in cones (Fig. 3A) and rods (Fig. 3B) . It is remarkable that both receptor types display nearly identical kinetics when the fraction of bleached pigment is more than 0.1%.
Light-insensitive component
Close examination of the time course of the saturation photocurrent in cones revealed a small, slow component in addition to the dominant fast component discussed above (Fig. 5) . The time constant of the slow component was determined by fitting a double-exponential function to the second half of the rising phase of the bright-flash response. The time course of the slow component is shown in Figure 5 . For a given cell, the same exponential function fit the responses generated by stimuli of different strengths. The amplitude and the time constant of the slow component were independent of light intensities above saturation. The time constant of the slow component was 95.4 * 35 msec, and its amplitude (expressed as a percentage of dark current) was 6.1 + 2.3% (mean f SD, n = 7).
Previously, Cobbs and Pugh (1986b) have also reported on a slow component in the response of cones to saturating flashes of light. Recently, Nakatani and Yau (1989) characterized a NaCa exchanger in salamander cone outer segments. The exchanger current identified by Nakatani and Yau (1989) was initiated by rapidly changing the solution bathing the outer segments of cones that were previously loaded with calcium. Under conditions of small calcium load, the time constant and amplitude of the Na-Ca exchanger observed by Nakatani and Yau (1989) are similar to the time constant and amplitude we report here for the slow component. Furthermore, in rods the slow component following a saturating flash of light has been shown to exhibit a time constant and amplitude similar to those found by the solution-exchange method (Hodgkin et al., 1987, Fig. 3) . Thus, it is likely that the slow component we observed in cones in response to saturating flashes of light is generated by the NaCa exchanger. Nonetheless, in order to make the unambiguous identification of the slow component as the Na-Ca exchanger current, it will be important to show its dependence on external sodium.
Discussion
The current response of both rods and cones to bright flashes of light is characterized by 3 components. These are: the ERC, produced by charge displacement in visual pigment, a lightinsensitive component, that may reflect the activity of an electrogenic Na-Ca exchanger and the saturation photocurrent, caused by the closure of the light-sensitive channels.
Early receptor current (ERC)
The ERC is the current analog of the ERP recorded previously from rods and cones (Brown and Murakami, 1964; Cone and Pak, 1971; Rupel and Hagins, 1973; Hodgkin and O'Bryan, 1977) . We found that the cone's ERC is composed of a small inward current followed by a large outward current, these components are termed R 1 and R2, respectively. The ERP recorded previously from rod and cone photoreceptors is composed of 2 similar components. In rods, the time course and temperature dependence of the R2 component suggest that this component is related to the formation of MetaII (Cone and Cobbs, 1969) , thought to be the intermediate state of excited rhodopsin (Rh*) which activates the G-binding protein (Stryer, 1986) . In cones, the kinetics of formation of opsin photointermediates has not been measured by spectrophotometry.
However, the similarity of the R2 kinetics in cones and rods suggests that the kinetics of the formation of the cone's Rh* is similar to that of rods. We calculate that the charge displaced across the membrane field per bleached cone photopigment is about 0.08 electronic charges. The electronic charge displaced per bleached photopigment has been previously estimated to be 0.2 electronic charges in toad rods (Hochstrate et al., 1982) and 0.12 electronic charges in turtle red-sensitive cones (Hodgkin and O'Bryan, 1977) . It is thus apparent that the kinetics and magnitude of the charge displacement are generally conserved between species and receptor types. These findings probably reflect the fact that opsins from rods and cones of various species are highly homologous, as revealed by sequencing of the opsin genes (Applebury and Hargrave, 1986; Nathans, 1987) .
Saturation photocurrent
The cone saturation photocurrent is characterized by a delay between the flash and the onset of the photocurrent and by the exponential time constant with which the photocurrent approaches its maximum value. At saturation, the limiting delay was 7.8 msec and the limiting time constant was 2.1 msec. Remarkably, these parameters are virtually identical (within experimental errors) to those found in rods of the same species (Cobbs and Pugh, 1987) . Furthermore, the fraction of pigment bleaching that was required to produce the rate-limiting kinetics was comparable in rods and cones. Cobbs and Pugh (1987) suggested that in the rods the limiting delay in the saturation photocurrent results from multiple cooperative kinetic steps between rhodopsin activation and the activation ofthe PDE, whereas its limiting time constant reflects the maximum rate of cGMP hydrolysis or the closing rate of the light-sensitive channels. Their analysis is generally compatible with known physiological and biochemical properties of rod photoreceptors. In salamander rods, the lifetime ofthe lightsensitive channel appears to be about 2 msec (Gray and Attwell, 1985; Karpen et al., 1988 ) and similar observations have been (Bodoia and Detwiler, 1985; Fesenko et al., 1985; Haynes et al., 1986; Matthews, 1986) . Thus, in the rod, the limiting time constant could be due to the closure kinetics of the light-sensitive channels (Cobbs and Pugh, 1987) . These data, however, do not preclude the possibility that the limiting time constant reflects the maximal speed of reduction in the concentration of cytoplasmic cGMP (Cobbs and Pugh, 1987) . Haynes and Yau (1987) have reported that the cGMP-activated channels found in catfish cone outer segment have a burst duration of about 3 msec. The lifetime of the light-sensitive channels in cones has not been reported. Preliminary noise analysis of the light-sensitive current in salamander cones revealed a high-frequency Lorentzian component that is similar to that observed in rods of the same species, suggesting that the lifetime of the cone's light-sensitive channel is about 2 msec (S. Hestrin and J. I. Korenbrot, unpublished observations) . Although the lifetime of the light-sensitive channels in rods and cones might be similar, the current-voltage relationships of these channels are different. Haynes and Yau (1985) have shown that as the membrane potential is hyperpolarized, the current through the cGMP-activated channels in cones is increased. In contrast, the current-voltage relation (Z-v) of the light-sensitive conductance of rods is nearly flat in the physiological range of membrane potential (Baylor and Nunn, 1986) . The importance of the difference between the I-V of rods and cones is unclear.
Under light saturation the interaction between the cone Rh* and cone G-binding protein would not be rate limiting, and thus, as in rods (Cobbs and Pugh, 1987) , the delay of about 8 msec is likely to be related to multiple cooperative kinetic steps linking the G-binding protein to the activation of the PDE. Without further details on the biochemical rates of the cGMP cascade enzymes in cones, it is not possible to assign the limiting delay and the limiting time constant to specific reactions. Nonetheless, our results suggest that the excitation of rods and cones has in common at least 2 kinetic steps that are quantitatively similar.
Photoreceptor excitation is a multistep process, and therefore our experiments, done under intense light, do not entirely rule out the importance of the excitation process in generating the rod-cone differences of the dim-flash response. For example, it is possible that under dim-flash stimulation, the interaction of Rh* with the G-binding protein is a rate-limiting step, generating some of the rod-cone difference. Nakatani and Yau (1989) suggested that the difference between rod and cone light responses is generated by shortened lifetime of active intermediate in the cone transduction cascade. A similar hypothesis which is compatible with our observations would be that the principal proteins which participate in the excitation-the photopigments, the G-binding proteins, the PDEs, and the cGMP-sensitive-channels are similar in salamander rods and cones in both properties and number per unit volume. The differences between rods and cones would then be generated from differences in the deactivation processes (Nakatani and Yau, 1989) . Specifically, the differences might be related to the turn-off of the PDE or the regeneration of cytoplasmic cGMP. Thus, this hypothesis predicts that the guanylate cyclase of cones operates with a higher turnover rate than that of rods, or that in cones the PDE turns off in a faster rate than the PDE in rods.
